Q uantifying coronary arterial diameter is of great importance in both research and clinical settings. Common uses in research include quantifying diameter changes during infusion of vasoactive substances like acetylcholine and nitroglycerin in testing endothelial-and nonendothelial-dependent vasomotor function1-4 and measuring stenosis severity (percent stenosis) in patients before and after coronary interventions for defining success and restenosis. [5] [6] [7] In clinical practice, quantification of stenosis is used in the routine interpretation of coronary angiograms, and the results may influence therapeutic decisions.
The commonly used methods of quantifying stenosis severity include visual inspection,8 manual calipers,9 electronic digital calipers,10 quantitative angiogra-phy,".'12 and videodensitometry. 13 Visual inspection of coronary diameters is of limited utility for quantifying vasomotor reactivity as changes in diameter exceeding 20% to 30% are required for reliable detection. Grading of stenosis severity, expressed as percent stenosis before and after interventions, results in a significant degree of interobserver and intraobserver variability, and these inaccuracies can only be reduced by a panel judgment. '4 Most quantitative angiographic analysis systems require offline digitization, and the process can be costly and time consuming.12 Therefore, semiquantitative methods like manual handheld calipers have been used to quantify stenosis severity, and studies have shown good correlation of calipers with quantitative angiography in measuring stenosis severity. One study found specially constructed electronic calipers to be sufficiently accurate to be used to evaluate stenoses clinically while another study found that measurements made using manual calipers underestimated stenoses 275%, overestimated lesions <75%, and had poor reproducibility between observers.9"10 Recently, there has been renewed interest in a new generation of electronic digital calipers for performing quantitative angiographic measurements because of their simplicity and low cost. However, the comparison of electronic digital calipers with automated edge detection using quantitative angiography in vasomotor function and interventional studies has been lacking. Therefore, the aim of this study was to compare electronic digital calipers with quantitative angiography in measuring coronary artery diameter changes during tests of vascular function and percent diameter stenosis in lesions before and after excimer laser-facilitated coronary angioplasty and at follow-up.
Methods

Patient Studies
Three patient populations were studied: (1) 24 cardiac transplant patients during their yearly cardiac catheterization including vasomotor function testing, (2) 14 coronary artery disease patients with a range of stenosis severity, and (3) a separate group of 15 patients with critical stenosis before and after excimer laserfacilitated angioplasty and at 6 months' follow-up.
The transplant patients underwent the following protocol as described previously.2 Briefly, after completion of the diagnostic catheterization, a guiding catheter was positioned in the ostium of the left coronary artery. A 2.5F infusion catheter was advanced into the proximal portion of the left anterior descending coronary artery. Serial infusions of acetylcholine (10-8 to 10-6 mol/L final estimated concentration) and nitroglycerin were made. At the end of each infusion, nonionic contrast medium was injected into the left coronary artery using a power injector to achieve optimal opacification. The coronary angiograms were analyzed using quantitative angiography and electronic digital calipers. A total of 517 coronary diameters were measured by both methods in 88 coronary segments (see "Appendix I").
Twenty stenoses were measured in 14 patients after a routine diagnostic catheterization using both methods. Five lesions were in the left anterior descending coronary artery, six in the circumflex artery, eight in the right coronary artery, and one in saphenous vein graft. The angiographic view that showed the most severe stenosis was used for the measurements.
Fifteen stenoses in the group of 15 patients undergoing excimer laser-facilitated angioplasty were measured before and after angioplasty and at 6 months' follow-up, as previously described.6 Ten patients had a stenosis in the left anterior descending coronary artery, and five had a stenosis in the right coronary artery. The 
Electronic Digital Calipers
A handheld electronic digital caliper (Mitutoyo Corporation, Tokyo, Japan) was used to measure coronary diameters for each lesion displayed on the screen of a Vanguard projector. The cine frame analyzed was the first frame used in quantitative coronary angiography analysis. Particular care was taken to ensure that the measurements with the calipers and quantitative angiography were taken from exactly the same vessel segments using the anatomic landmarks identified during quantitative angiographic analysis. Each segment was measured at the ends and the center of each ROT. The mean of these measurements represented the diameter of each segment. The calibrated grid was measured using the same method, and the measurements were scaled to millimeters. Similarly, the diameters at the site of maximal reduction and in the normal adjacent areas were measured to obtain percent stenosis in the coronary artery disease patients. Similar measurements were made of the 13 phantom diameters using the brass rod diameter as calibration.
Digital Calipers Intraobserver and Interobserver Variabilities
Intraobserver and interobserver variabilities of the caliper measurements were calculated using 51 diameters selected at random from 517 measurements in the transplant patients and 30 stenoses in the angioplasty patients. The first observer analyzed these segments on four separate occasions, each separated by a minimum of 7 days. The second independent observer analyzed the segments on only one occasion, and these measurements were compared with those made by the first observer. For intraobserver variability, the four obserand tube height of 28 cm without skew or angulation.
vations by the same observer were analyzed using a by guest on May 3, 2017 http://circ.ahajournals.org/ Downloaded from one-way analysis of variance, with the patient as the single factor. The resulting variance estimate was multiplied by two (since the difference of two measurements has twice the variability of a single measurement), and then the square root was calculated to capture the standard deviation of the differences between two measures by the same observer. For interobserver variability, a two-way analysis of variance with patient and observer as the two factors was performed. In this case, the systematic mean difference between observers was subtracted from the data before the calculation of the standard deviation of the difference between two measures by two observers. These estimates of interobserver and intraobserver reliabilities determine in part the stability of data collected with calipers; the implications for study design are discussed in "Appendix II.'
Statistical Analysis
The agreement between computerized quantitative angiography and digital calipers was assessed by plotting the difference between methods against the mean of the measurements following the technique described by Bland and Altman. 16 This procedure allows visual inspection of the deviation from the mean over the full range of measurement. This analysis was performed for each stage of drug infusion in the first group of patients; after routine angiography in the second group; and for preangioplasty, immediate postangioplasty, and at follow-up in the third group. The range of agreement between the two methods is given as the mean difference ±2 standard deviations; this interval will contain 95% of the measurement differences. If the range is small and clinically acceptable, then the two methods can be used interchangeably. A Table 2 ). The limits of agreement were from -9% to 19%.
After excimer laser-facilitated angioplasty and at follow-up, the difference between the two methods became negligible, 1+9% and -1±11%, respectively (Table 2 ). In the 65 stenoses measured, quantitative angiography and digital calipers differed by 3+9% across all severity (range, 11% to 80%) with the limits of agreement of -15% to 21% (Fig 2A) . Again, these differences were not obvious from the linear regression with a correlation coefficient of .89 (Fig 2B) .
Digital Calipers Intraobserver and Interobserver Variabilities
The standard deviation of the intraobserver differences was 0.148 mm while measuring absolute diameters in the transplant patients. In comparing two observers, we found a systematic mean difference of 0.14 mm. After allowing for this systematic difference, the standard deviation of the interobserver differences was 0.149 mm. When the diameters were expressed as percent change from baseline, the standard deviation of the intraobserver differences was 9.3%. After allowing for a mean difference of 2.8% between the two observers, the standard deviation of the interobserver differences was 9.6%. When the stenoses were measured, the standard deviation of the intraobserver differences was 7.6% while the standard deviation of the interobserver differences was 7.8% with a mean difference between the two observers of 0.8%.
Phantom Study
Quantitative angiography underestimated the true phantom diameters by 0.05+±0.09 mm while caliper measurements overestimated the true diameters by 0.08±0.11 mm (Fig 3) 
Vasomotor Function Testing
In the transplant patients, this study shows that electronic digital calipers cannot provide accurate measurements of the absolute diameters due to a systematic overestimation especially in vessels >2.5 mm (0.44±0.24 mm) compared with quantitative angiography. This systematic bias is most likely due to the different edges used by the two methods to measure the diameters. Quantitative angiography measures the points of maximal rate of change of the videodensity while visual diameters are measured from arbitrary borders where the human eye identifies a gradient change. This border is likely to occur before the maximal rate of change and thus leads to overestimation of the diameter. The visual borders used for caliper measurements are different for different observers and thus also account for the systematic interobserver bias (0.14 mm).
When the measurements are expressed as percent diameter changes, the caliper method, on average, accurately reflects the response to acetylcholine and nitroglycerin as measured by quantitative angiography with little systematic bias (-1±10%). We However, in research or clinical studies involving multiple patients, the group average caliper measurement, x, will be much closer to the "true" angiographic mean, y. Either decreasing the caliper variability or increasing the sample size will lead to studies with greater statistical power. Assuming n subjects in the study VVariance(x-y) = V/Variance(x-y)/n=11%I\/;V so that the 95% confidence interval reduces to ±tx (11%)/Vwhere t depends on the sample size and can be read from standard statistical tables. As an example, from a sample of 50 patients, the average percent diameter change measured by calipers would be within 3% of the angiographic "truth," whereas 100 patients would lead to an estimate within 2% of the "truth." This minor loss of precision compared with quantitative angiography will often be offset by the ease with which caliper measurements can be made.
